ABSTRACT: Despite contrasting population trends ranging from -3 to +11% per annum, the annual survival rates of Atlantic puffins Fratercula arctica in the 5 colonies spanning the species range in the east Atlantic were virtually identical over a 10 to 15 yr period, giving no support to the hypothesis that variation in population growth rates is driven by adult survival. The extent to which survival varied among years differed markedly between colonies. Similarities between colonies in the patterns of inter-annual variation in survival did not reflect similarities in wintering areas, as indicated by recoveries of ringed birds, nor the geographic proximity of the colonies. However, survival in 4 of the 5 colonies correlated with sea surface temperatures around each colony 2 yr earlier. The relationship between survival and sea temperature was positively correlated with the effects of sea temperature on recruitment of the Atlantic puffin's main prey species, the lesser sandeel Ammodytes marinus, the herring Clupea harengus and the capelin Mallotus villosus.
INTRODUCTION
In long-lived birds that have delayed sexual maturity and a small clutch size, the annual survival of breeding adults is often seen as the main factor influencing the rate of population change (Croxall & Rothery 1991 , but see Nur & Sydeman 2000 . The Atlantic puffin Fratercula arctica is such a species, having an annual survival rate of adults of 90 to 95%, an age at first breeding of 5 yr, and an invariant single-egg clutch (Harris 1984) . It is a highly abundant piscivorous species, endemic to the colder parts of the North Atlantic Ocean, breeding from the Bay of Fundy in the west, Brittany in the east, and north to the high arctic. Populations in various parts of the range have shown very different population trajectories over the past few decades. Thus numbers in colonies in the North Sea and the far NE of Norway have increased at rates of up to 11% yr -1 at the same time that populations in central Norway have declined at 3% yr -1 (Barrett 2001 , AnkerNilssen & Aarvak 2004 , Harris & Wanless 2004 . The survival of adult Atlantic puffins has been monitored for several colonies spanning almost the entire latitudinal range in the E Atlantic, and the results allowed us to investigate the hypothesis that changes in numbers are governed by differences in adult survival.
Little detailed information is available for the Atlantic puffin when it is away from the breeding colonies in the E Atlantic, but the species occurs mainly well offshore, with birds dispersed at very low density over vast areas of ocean from the Barents Sea south to the Azores and the Canary Islands, west to Greenland and Newfoundland and east to Italy in the Mediterranean (Harris 1984 , Stone et al. 1995 , Bakken et al. 2003 . Ringing of Atlantic puffins in colonies throughout the range suggested that adults from different populations have differing wintering areas (Myrberget 1973 , Anker-Nilssen & Tatarinkova 2000 , Harris 2002 ) and so might be influenced in different ways by climate change. We investigated factors influencing adult survival in these colonies using 2 approaches. First, we determined the pattern of correlation between time series of adult survival rates in 5 colonies and examined whether this pattern was compatible with the degree of overlapping of the wintering areas of the birds as assessed from ring recoveries and/or with the pattern of correlation between time series of local environmental variables in the vicinity of the 5 colonies. Second, we addressed directly the correlation between adult survival rates and large-and local-scale environmental variables.
MATERIALS AND METHODS
Study colonies. The survival of Atlantic puffins was studied for 5 colonies: Skomer (Wales), Isle of May and Fair Isle (Scotland), and Røst and Hornøya (Norway), covering almost 20°of latitude (see Fig. 1 ). Details of the colonies are given in Table 1 . At the beginning of the study the breeding population size of these colonies varied from 7000 pairs (at Skomer) to 660 000 pairs (at Røst) and the current population status also showed contrasting trends from rapid increase (Isle of May, Fair Isle and Hornøya), through stability (Skomer) to consistent decline (Røst) (Barrett 1983 , Anker-Nilssen & Røstad 1993 , Anker-Nilssen & Øyan 1995 , Harris et al. 2003 , Harris & Wanless 2004 . In all colonies the diet of chicks (and apparently adults) comprises small fishes, notably the lesser sandeel Ammodytes marinus on Skomer, Isle of May and Fair Isle, young herring Clupea harengus on Røst, and sandeels and capelin Mallotus villosus on Hornøya (Harris 1984 , Anker-Nilssen 1992 , Barrett 2002 , Durant et al. 2003 , Anker-Nilssen & Aarvak 2004 . Breeding success also varied greatly between colonies, being high at most colonies, but lower and more variable on Røst (Harris 1984 , Anker-Nilssen & Øyan 1995 , Barrett 2002 , Durant et al. 2003 , Anker-Nilssen & Aarvak 2004 Bird capture histories. In each colony, breeding adults were caught and marked with a numbered metal ring, and either an individually coded colourring (Røst from 1998 onwards) or a unique combination of colour rings (other colonies and Røst 1990 to 1997).
In each subsequent year, visual searches were made for these birds predominantly in the areas where they had been ringed, but also in other parts of the colony. Throughout the period, additional birds were marked to replace those disappearing. The years for which survival was assessed and the numbers of adults involved are shown in Table 1 . The actual data in the form of m-arrays are presented in Appendix 1. On the Isle of May and Røst, most birds were sexed by bill or head + bill measurements (Harris 1984 , Anker-Nilssen & Brøseth 1998 . The sex of ringed individuals from the other colonies was unknown.
Winter dispersal data. Outside the breeding season, Atlantic puffins are pelagic and are rarely seen close to 284 land (Stone et al. 1995) . Recoveries of ringed Atlantic puffins reported between 1 August and 31 March were obtained from the British and Norwegian Ringing Schemes. We only used recoveries of birds ringed as full-grown birds or as chicks that had survived at least 3 yr after ringing, by which time they are regularly attending colonies. The few recoveries of long-dead birds in or near the colonies in August were omitted. Recoveries of local birds close to the Isle of May in March were excluded since adults at this colony return from late February onwards. To increase sample sizes available for analysis, we added recoveries of Atlantic puffins ringed at other colonies near to Skomer (within 100 km), Isle of May (100 km), Fair Isle (Shetland colonies within 150 km), Røst (120 km) and Hornøya (colonies in Norway along 650 km of coast north of 69°N) to those from the colonies themselves.
Environmental factors underlying temporal variation in survival probability. The limited data available suggest that most adult Atlantic puffins die during the nonbreeding season. For instance, between 1990 and 1994, only 1 of 30 birds (3%) that disappeared from intensively studied burrows on the Isle of May between one spring and the next did so during the breeding season; the remainder were present at the end of July but did not return the next April (C. V. Wernham pers. comm.). Less intensive observations over the rest of the period provided additional support for this. We therefore looked for environmental factors that might have influenced survival outside the breeding season. The North Atlantic Oscillation (NAO) is an atmospheric phenomenon that influences winter climatic conditions over the whole North Atlantic region (Hurrell et al. 2003) . We considered NAO in winter from December to March (hereafter referred to as wNAO) as a potential proxy for the climatic conditions during the winter. Furthermore, since wNAO reflects variations in the dynamics and composition of several North Atlantic phytoplankton, zooplankton and fish communities (Planque & Taylor 1998 , Ottersen et al. 2001 , Arnott & Ruxton 2002 , Attril & Power 2002 , Edwards et al. 2002 , Hjermann et al. 2004 ), we used it as a proxy for food abundance for the Atlantic puffin during the winter and/or the breeding season. Since effects of the wNAO on lower trophic levels might take time to reach higher levels, wNAOs lagged by 1 and 2 yr were also considered. Values for the wNAO were downloaded from www.cgd.ucar.edu/cas/jhurrell/indices.html.
The influence of sea surface temperatures (SST) on the abundance of forage fishes that are important for Atlantic puffins is well documented. In particular, Arnott & Ruxton (2002) found a negative correlation between summer recruitment of 0-group (first-year) sandeels in the North Sea and SST during the sandeel larval period (January to May). Conversely, a positive relationship between sea temperature during winter and recruitment of 0-group (first-year) herring has been documented for the Norwegian and Barents Seas (Toresen & Østvedt 2000 , Saetre et al. 2002 . SST in the vicinity of the Atlantic puffin colonies during January to May of Year Y and of Year Y-1 are thus likely to be associated with 0-group and 1-group (second-year) abundance of key prey species for the Atlantic puffin during and after the breeding season of Year Y.
We also considered that local environmental conditions (reflected by SST) prevailing in the vicinity of the colony during the breeding season (May to July) could affect subsequent survival of adult Atlantic puffins. Monthly SST blended from ship, buoy and bias-corrected satellite data at a resolution of 1°longitude by 1°l atitude (Reynolds et al. 2002) were obtained from http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/.nm c/.Reyn_SmithOIv2/.monthly/.sst/. For each colony, 6 to 10 cells of the grid were selected such as to represent an area of sea of about 40 000 km 2 around the colony under study, and averages were computed for these cells over 2 periods: the spawning season and larval period of the main prey species (January to May) and the breeding season of the Atlantic puffin (May to July). The pattern of spatial correlation between local SST time series was investigated using 'proc corr' of SAS Version 8.02 statistical package (SAS 1999) .
Capture history analysis. Capture histories of adult Atlantic puffins were analysed using specific procedures developed to provide robust estimates of survival probabilities (hereafter referred to as Φ), while accounting for potential biases due to variation in resighting probabilities (hereafter referred to as p). A logit-link function was used to constrain the estimates of Φ and p between 0 and 1. The statistical package MARK 5.0 (White & Burnham 1999 ) was used to obtain maximum likelihood estimates of survival and resighting probabilities, and fit statistics, under various models.
Goodness-of-fit: Before using capture-resighting models for hypothesis-testing, a departure model has to be defined that adequately fits the data (Lebreton et al. 1992) . To check for the goodness-of-fit (GOF) of departure models and identify the causes of any lack of fit (i.e. heterogeneities in survival and/or recapture probabilities), tests were conducted with software U-CARE 2.0 (Choquet et al. 2001 ) that assesses the GOF of the Cormack-Jolly-Seber model, in which survival and resighting probabilities are fully time dependent (i.e. model Φ(year), p(year)). The GOF of model Φ(year) p(year) was assessed independently for the data sets of each colony and each sex for the 2 colonies for which this information was available. For all 7 data sets considered, model Φ(year), p(year) fitted the data very poorly (all p < 0.01 for the sum of the components of the GOF test). Examination of the different components of the test revealed that the lack of fit was due to a traphappiness effect (all p < 0.0001). Individuals were more likely to be resighted if they had been resighted on the previous occasion. This effect probably reflected heterogeneity in recapture probability within and/or between capture-resighting histories rather than a genuine influence of the resighting process on the probability of resighting in the following year. Heterogeneity between capture histories would not be surprising since the probability of resighting seabirds on breeding grounds is likely to be related to components of the breeding performance such as intermittent breeding, probability of failing at an early stage of reproduction or nest attendance and since numerous seabird studies have demonstrated inter-individual heterogeneity in these components of breeding performance (e.g. Cam et al. 1998) . Heterogeneity within individual capture histories could reflect a positive temporal autocorrelation within individuals in the components of breeding performance listed above and could be explained, for example, by age-related variation in these components (e.g. Wooller et al. 1990 ). The investigation of the mechanisms generating heterogeneity in resighting probability is beyond the scope of the present paper, nonetheless, heterogeneity in recapture probability was accounted for by introducing a factor 'years since last resighting' in the model, describing the variation in resighting probability (Pradel 1993) . We considered 4 such 'years since last resighting' classes (1, 2, 3, and more than 3 yr after last resighting, referred to as 'a 4 ') in the departure model for each colony. The other components of the GOF test (3SR and 3SM) address heterogeneities in survival probabilities. They did not show any significant departure from the null hypothesis (all p > 0.15) except for the Skomer data set (p = 0.04). This slight lack of fit was allowed for by scaling down the deviance of the models built for this data set by an over-dispersion parameter equal to the ratio of the χ 2 statistic associated with test 3SR+ 3SM to the number of degrees of freedom associated with this statistic: 52.3/36 = 1.45.
Reference models: Initially the effects of year on survival and resighting probabilities, and of years since last resighting on resighting probabilities were assessed independently for each colony. This defined a reference model for each colony that captured the most important general sources of variation in survival and resighting probability, without relying on specific assumptions concerning the covariates underlying their temporal variation. The most complex model, i.e. the one with most parameters, considered was Φ(year) p(a 4 + year) except for the Isle of May and Røst, where it was Φ(year + sex + year × sex) p(a 4 + year + sex + a 4 × sex + year × sex). Starting from this model, a stepdown selection procedure was performed in order to define a reduced model that adequately fitted the data. The set of reduced models comprised those in which only 3 and 2 'yr since last resighting' classes were considered for resighting probability. The model selection criterion used combined the parsimony principle and a form of Akaike's information criterion modified for data sparseness (AICc) and, for the Skomer data, for over-dispersion (QAICc) (Lebreton et al. 1992 , Burnham & Anderson 1998 . Models with AICc differing by less than 2 points were considered to describe the data equally well and the model with the fewest parameters was preferred.
Descriptive statistics for adult survival rates: Mean survival rates over the study period were derived from a model in which survival was constrained to be constant over years. To avoid an unrealistic estimate (= 1) caused by convergence problems in the likelihood optimisation procedure, the estimate for Fair Isle was obtained from a model where survival probability was constrained to be constant in 1990 to 1996 and 1997 to 2001 but allowed to be different in 1996 to 1997. Estimates for different colonies were compared within all possible pairs of colonies using Z-tests for differences between logit-transformed mean survival estimates (Lebreton et al. 1992) . In order to obtain an estimate of the temporal process variance in survival probability for each colony (referred to asσ 2 ) that was corrected for the sampling variance (Gould & Nichols 1988) , a variance component procedure was performed based on a model in which the pattern of variation in survival was estimated without any constraint (i.e. model Φ[year]). We used the variance decomposition method implemented in MARK (White & Burnham 1999) .
Similarities in pattern of temporal variation in adult survival rates: The similarity within pairs of colonies in the pattern of inter-annual variation in adult survival rate was expressed using the fraction of the total temporal deviance accounted for by a common pattern of variation. We included the capture histories of the individuals from 2 colonies and computed models in which (1) the patterns of variation in survival was allowed to differ in the 2 colonies (Φ[year + colony + colony × year]); (2) survival was forced to exhibit parallel variations in the two colonies (Φ[year + colony]), and (3) survival was forced to be constant over time in the 2 colonies. (Φ[colony] ). The fraction of deviance accounted for by the common pattern of variation was computed as the ratio of (deviance [model Φ(colony) 
This statistic is an equivalent for maximum likelihood models of the coefficient of determination (R 2 ) in analysis of variance models, and is hereafter referred to as 'R 2 '.
Detecting environmental factors underlying interannual variation in adult survival rates:
We tested the effect of the covariates potentially underlying interannual variation in adult survival rates independently for each colony, after centring covariates reflecting temporal variation in environmental conditions around the average and standardising them by the standard deviation in the time series covering the study period (White & Burnham 1999) . Starting where survival was constrained to be time-invariant, we performed a step-up selection of the covariates that showed the strongest correlation with adult survival rates. R 2 was used as a selection criterion. At each step of the procedure and for each candidate covariate, we computed models in which (1) the pattern of variation in survival was estimated without any constraint (Φ[year]); (2) survival variation was forced by logit linear relationship(s) with the focal climatic and/or oceanic factor(s) (Φ[year + covariate(s)]), and (3) survival was forced to be constant over time (Φ[cst] ). The R 2 of the covariate model was then computed as the ratio of {deviance
A covariate was selected if its incorporation increased the R 2 associated with the covariate model by at least 20%. We based covariate selection on biological significance (reflected by R 2 ) rather than on statistical significance (reflected by the p-value) because statistical significance depends on the statistical power, which obviously varies between data sets of different sizes and thus between colonies. However, we derived ANODEV p-values (Skalski et al. 1993) as measurements of the degree of confidence in the existence of the relationships between adult survival rate and the covariates.
RESULTS

Winter dispersal
There were marked differences in the patterns of recoveries from birds ringed in different areas (Fig. 1) . Birds from the Isle of May area (340 recoveries) were mainly found in the North Sea. The majority came from the east coast of Britain, with relatively few in the SE North Sea, where Atlantic puffins are generally rare (Stone et al. 1995) , but with some (<10%) in the Faeroe Islands, the western seaboard of Britain and Ireland and the Bay of Biscay. In contrast, the main wintering areas of Atlantic puffins from the Fair Isle (16 recoveries) and Skomer (59) areas were to the south of Britain, presumably mainly in the Atlantic Ocean, with some entering the Mediterranean and the Norwegian Sea. However, the few recoveries of birds ringed in the Fair Isle area (see next paragraph) mean that it is by no means certain that the bulk of the birds from these 2 areas wintered in the same area. The recoveries from the Røst area (18) and colonies further north (8) suggest that birds from these areas winter in the southern Norwegian Sea and the northern North Sea. Too few recoveries were available to determine differences in the wintering areas of Atlantic puffins from Røst and Hornøya. These general patterns are supported by recent independent analyses of the recoveries of all Atlantic puffins ringed by the British and Norwegian ringing schemes (Harris 2002 , Bakken et al. 2003 ).
There were striking differences in the recovery rates of birds ringed at the study colonies. For instance, totals of 17 462, 12 759 and 2333 Atlantic puffins ringed on Røst, Fair Isle and Hornøya, respectively, had resulted in just 9 (0.05%), 8 (0.06%) and 2 (0.09%) winter recoveries, respectively. In contrast 32 888 and 4859 Atlantic puffins ringed on the Isle of May and Skokholm (10 km from Skomer) resulted in 170 (0.5%) and 29 (0.6%) recoveries, respectively, recovery rates 5 to 10 times higher than for the 3 other colonies. Considering coastline topography and sea currents, this marked difference in recovery rates is probably due to the relatively higher chance of a bird dying in the North Sea and the Bay of Biscay being found and reported, compared to the presumably far lower chances of finding birds wintering along the Norwegian coast or far offshore. The chances of recovery are further reduced to the north, where shores are rocky and areas more sparsely populated than in mainland Europe. The paucity of recoveries in the North Sea from the colonies other than the Isle of May does, however, suggest that few birds from these 4 colonies winter in this area. The concentration of recoveries around the Faeroe Islands of birds from all colonies was undoubtedly due to the high numbers of auks shot there during the winter, but does indicate an overlap in wintering areas in those waters.
Pattern of spatial correlation between local SST time series
The correlations between local SST at different locations are shown in Table 2 , with time series plotted in Fig. 2 . The pattern of correlation did not differ whether we considered the period covered by the longest survival time series (1984 to 2000) or only the period covered by all the survival time series (1990 to 2001). Furthermore, January to May SSTs and May to July SSTs showed similar spatial correlation patterns, although correlations for the former were generally higher. Fig. 2 ). SST around Hornøya, in the Barents Sea, showed no significant correlation with SSTs around the other colonies.
Adult survival reference-models
The model selected for Skomer, Fair Isle and Isle of May was Φ(y) p(a 3 + y). For Hornøya, the model Φ(cst) p(a 3 + y) was retained. Finally, for Røst, model Φ(y) p(a 3 + y + sex) was retained. For Røst, resighting probability of females was slightly lower than that of males. This sex effect was not detected in the Isle of May colony, where information on the sex of individuals was also available. Since sex did not appear to influence survival significantly, it is not discussed further. For all colonies 3 'age since last resighting' classes and a year effect were thus retained in the modelling of resighting probability. Probability of being seen 2 yr after last resighting was lower than after 1 yr, and the probability after more than 2 yr after last resighting was lower still (Fig. 3) . Except for Hornøya, there were significant inter-annual variations in survival (Fig. 4 , see also Tables 3 & 5) . 1 9 8 4 -1 9 8 5 1 9 8 6 -1 9 8 7 1 9 8 8 -1 9 8 9 -1 9 9 1 1 9 9 2 -1 9 9 3 1 9 9 4 -1 9 9 5 1 9 9 6 -1 9 9 7 1 9 9 8 -1 9 9 9 2 0 0 0 (Table 3 ). The likelihood optimisation procedure converged towards an unrealistic estimate of mean survival rate (= 1) for Fair Isle for the period 1990 to 2001. By allowing the estimate for the period 1996 to 1997 to differ from the mean survival over the periods 1990 to 2001, a more realistic estimate (0.915 ± 0.015) was obtained. We retained this value as an estimate of the mean survival rate at this colony for the period 1990 to 2001. As for Skomer, it is slightly lower than the estimate of mean survival rate over the maximum time period (see above). Again none of the inter-colony differences were significant over the period 1990 to 2001 (Z-values 0 to 0.88; p-values 1 to 0.38). Temporal variability in survival rate (expressed as the estimate of survival standard deviation σ, the square root of the estimate of the survival variance σ 2 ) showed more variation among colonies, being lowest (0.025) for Hornøya and highest (0.09) for Fair Isle (Table 3 , Fig. 4 ).
Temporal variation in adult survival rates: patterns of similarity between colonies
The pattern of similarity between time series of adult survival rates in the colonies (as reflected by the R 2 of a common pattern of variation model) did not differ substantially according to whether one considered the whole period of overlap between survival time series in each pair of colonies or only the period 1990 to 2001 covered by all the survival time series (Table 3 ). The highest R 2 were found for the pairs Røst/Skomer, Hornøya/Skomer and Hornøya/Fair Isle, colonies some 2000 km apart that did not show any overlap in the locations of winter recoveries (see earlier subsection 'Winter dispersal'). Comparison of Hornøya with other colonies yielded consistently high fractions of temporal variation accounted for by a common pattern (R 2 ranging from 65 to 71%), while comparison of Fair Isle with other colonies yielded consistently lower R 2 (38 to 47%, excluding the comparison with Hornøya); this was at least partly due to the sharp decline in survival in the later years.
Temporal variation in survival probabilities: correlations with environmental factors
For Skomer, Fair Isle, Røst and Hornøya, local SST in January to May of Year Y-1 explained at least 20% of the variation in adult survival between the breeding season of Year Y and that of Year Y+1 (Tables 4 & 5 , Fig. 5 ). In contrast, local SST in May to July of Year Y was more important for Atlantic puffins on the Isle of May, explaining 26% of the variation in adult survival between the breeding season of Year Y and that of Year Y+1. The influence of increased SST was positive for Atlantic puffins on Røst but negative for the birds at the other colonies. In addition to the effect of SST, wNAO explained more than 20% of the variation in adult survival at Skomer and Hornøya, having a positive effect on Skomer birds in the same winter and a negative effect on Hornøya puffins 2 yr later (Tables 4  & 5 , Fig. 5 ).
All the relationships detected between environmental factors and survival were significant at the 5% level except for those relating to Hornøya. This was 290 Table 3 . Fratercula arctica. Adult survival rate means (to the nearest 0.005 ± SE) and process standard deviation (95% CI) for each colony and covariation among colony time series (period 1990 probably due to the low variability of adult survival at this colony. Furthermore, a graphical examination of the relationships between climatic factors and survival of Hornøya birds (Fig. 5) revealed that the 4 last estimates of the survival time series were outliers in the relationships with SST and wNAO. Hence, the relationships detected for Hornøya must be considered with caution.
DISCUSSION
The estimated mean annual survival rates of adult Atlantic puffins of 0.930 to 0.935 were high, although slightly lower than estimates of 0.95 and 0.975 for Skomer and the Isle of May, respectively, during the 1970s (Ashcroft 1979 , Harris et al. 1997 ) and of 0.95 for an introduced population in the western Atlantic 1984-2000 1984-2000 1986-2000 1990-2000 1990-2000 (Breton et al. in press) . Despite highly contrasting patterns of breeding population change among the colonies, adult survival was remarkably consistent, giving no support to the hypothesis that survival was an important demographical driver. There were, however, marked differences between colonies in the inter-annual variability of survival rates for which we have no satisfactory explanation. Breeding success (lagged 5 yr to cover time between fledging and becoming adult) was generally high in the 4 stable or increasing colonies, averaging 0.72 to 0.85 young fledging per pair laying (Table 1) . In contrast, Atlantic puffins in the decreasing colony at Røst had a much lower, and more variable, average success of 0.42 young fledging per pair that hatched a young. Since many breeding attempts fail during incubation (Harris 1984) , overall breeding success at Røst will have been substantially lower than this. Thus it seems likely that recruitment (the integration of breeding success, survival to breeding age and natal dispersal) rather than adult survival is underlying variation in growth rate among colonies of Atlantic puffins. Although care is needed in the interpretation of recoveries of ringed seabirds that spend most of their lives in the open ocean, where birds that die have only a very small chance of being found, the distributions of recoveries during the winter of birds from the study areas showed very marked patterns. Adults from the Isle of May were mainly within the North Sea, whereas those from Skomer and Fair Isle dispersed widely in the Atlantic west of Britain, France and Iberia, with some entering the Mediterranean, and those from the 2 Norwegian colonies had a much more northerly distribution. Hence, if environmental conditions over the wintering areas were the main driver of variation in Atlantic puffin survival, the pattern of covariation in adult survival would be expected to be structured in 3 clusters (Fair Isle and Skomer/Isle of May/Røst and Hornøya). This was not the case. Under the hypothesis that oceanographic or weather conditions in winter strongly influenced Atlantic puffin adult survival, we would also have expected to detect unlagged effects of the wNAO, because this large-scale climate index reflects variation in weather and oceanographic conditions in winter over most NE Atlantic regions (Becker & Pauly 1996 , Hurrell et al. 2003 . Such effect was detected for only 1 colony (Skomer), suggesting that oceanographic and weather conditions of the wintering areas have little influence on Atlantic puffin survival. The diet of the Atlantic puffin outside the breeding season is largely unknown, so the possibility that food abundance in the wintering areas influences the survival of adult Atlantic puffins cannot be ruled out. However, the mismatch between the pattern of spatial overlap between winter recoveries of adults from the different study colonies on the one hand and the pattern of covariation in adult survival among colonies on the other hand suggests that food abundance in the wintering areas is unlikely to account for much of the variation in survival. Whereas we detected an influence of the proxy presumably reflecting oceanographic and weather conditions in the wintering areas (i.e. unlagged wNAO) in only 1 out of 5 colonies, oceanographic factors in the vicinity of the breeding colonies correlated with adult survival in all colonies. Local SST in January to May had a significant effect on survival 2 yr later in 4 out 5 colonies. These relationships probably reflect the importance of the abundance of the main prey during the breeding season (herring for Røst, sandeel and capelin for Hornøya and sandeel for all other colonies). The slopes of the relationships with SST in January to May are compatible with this interpretation, being negative where sandeels and capelin are the main food, and positive where herring are taken. These contrasting relationships might be explained by recruitment in sandeels and capelin decreasing with increasing sea temperature and the reverse being true for herring, where recruitment decreases with increasing sea temperatures (Arnott & Ruxton 2002 , Saetre et al. 2002 , Hjermann et al. 2004 . In addition to these SST effects, the equally long lagged (2 yr) effect of wNAO on survival at Hornøya was also in agreement with the hypothesis that the main prey species at the colony are either the key species affecting adult survival of the Atlantic puffin, or at least that they respond to SST changes in a similar way. Given a sudden food shortage in summer, as not infrequently occurs on Røst, there is no reason to suppose that adults would remain in the area and die of starvation. In all probability a combination of winter and summer food availability influences the survival of adult seabird, since individuals entering the winter in poor condition are more likely to die than those in good condition.
The relationship between SST and adult survival on the Isle of May differed from that detected in the other colonies. Here, SST during the breeding season had the strongest effect on survival during the subsequent year, suggesting a more direct influence of oceanographic conditions during the breeding season on food and hence survival the following winter. It is, however, difficult to separate this effect from that of SST in January to May of the same year. The 2 measures were highly autocorrelated (Pearson correlation coefficient r = 0.84) and while SST in May to July showed the strongest correlation with adult survival (R 2 = 26%; Table 4 ), SST in January to May of the same year also explained a substantial fraction of the variation in adult survival (R 2 = 20%; Table 4 ). Thus again it may well have been a trophic response to food abundance, but seemingly the birds from Isle of May were most sensitive to the availability of 0-and 1-group fishes (mainly sandeels in the North Sea) while those from the other colonies probably depended more heavily on 1-and 2-group fishes.
Although the results of the pattern-oriented analysis presented here have to be interpreted with caution (especially for the colony of Hornøya, where little variation in adult survival was detected), the local SST effects detected suggest that food abundance during, or possibly soon after, reproduction influences the survival of adult Atlantic puffins. A similar conclusion has been reached for 2 other sandeel consumers, the black-legged kittiwake Rissa tridactyla and the great skua Catharacta skua, in Shetland (Oro & Furness 2002 , Ratcliffe et al. 2002 . The Atlantic puffin, blacklegged kittiwake and great skua are all pelagic outside the breeding season. The coefficient of determination of our model that includes all selected covariates ranged from 26 to 49%. The Atlantic puffin is the the most numerous seabird in the western Palearctic (Mitchell et al. 2004 ), but until we obtain more information from process-oriented studies outside the breeding season, we are unlikely to greatly improve our understanding of the factors influencing the survival of this pelagic species. Year N First subsequent resightings 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 2001 Skomer
